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TECHNICAL NOTE NO. 1007

BOUNDARY-LAYER-CONTROL TESTS OF TWO WINGS
IN THE LANGLEY PROPELIER~RESEARCE TUNNELY
By Bugh B. . Freeman .,

SUMMARY

Tests of two wings were made ln the Langley propel-
ler-ressarch tunnel to determine the ' lncrease in 1ift -
ocbteainable by boundary-layer control end to determine
the power requlred for the blower. One wing, designated
the stub wing, had a 6.5-foot spen, & 5.5-foot chord,
and a maximum thlckmess of 0.30 chord and was fitted with
large end pletes; the second wing was an NACA 2h15 airfoll
of 1l6-foot span and 2,67-foot chord and was tested with-
out a flap, with & plain flap, and wlith.a Zap flep.

L1ft coefficlents of about 3.2 were obtalned for
the stub wing elther by the suction or- the pressure method,
but the pressure method required several times more power
than the suction method.. -Thé best slot locetion for this
wing was found &o be near the mlidchord position. A single
suction slot was more effective than sny multiple:slot
arrangement when the semé pressure was applied to all
slots.,

1This report 1s a revised and edlted version of a paper
that was originally prepared im April 193% At ‘that °
time the paper was not published end was given only °
limited circulation because 1t was expected eventually
to expand 1t to include the results of further, more -
extensive, 'studies. The proposed studles were not com-
pleted, however, and the report is being publlishéd now
in response to. recent requests for this informatfion. T
In the absence of the sufthor, ths revision has ‘been made
by Dr. ‘S. Katzoff and Mr. P. K. ‘Plerpont of the Larigley
Laeboratory. 1Itshould be noted that several minor ques-"
tions that arose on careful examination of the results
could not be clarified becsuse the origlinal data are

not avallable.
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For the NACA 2l415. witig, which was teated only with
suction, the best slot position wes between 0,1l and.
0.20 chord from the leading edge for elther the plain
wing -or the wing with a Zap flap. For thre Wwihg with a
pleln flap, a slot on the flep Just behind the hinge
required least suctlon power ahd provided high maximunm
1ift cosfficients at angles of attack in the practical
range. Slots near the flap hinge appear to be effachLiwe
in meintaining high lift-curve slope and high flap effec-~
tliveness, but those nesr the laading edge. are mopre
effective in holding the flow at high engles of abtack.
Maximum 1i1ft coefficients were about 2.8 for the plain
flap and about 3.1 for the Zap flap. Some tests of the
plain wing with a slot at 0.3Y chord showed an sppreciable
increanse in the lift-drag ratio (where the drag included
the blower drag) for the take-off and climb range.

TNTRODUCTION

Boundary-~layer~cortrol tests made wlith small models
at the Langley Laboratory (referenze 1) and elsewhere
(referénce 2) have shown that control of the boundery
layer offers a powerful means of increasing the maximum
11t and the range of angles of attack for safe flying.
In the wort for the vpresent report large model wings
were tested in the Langley propeller-ressarch tunnel in
an eoffort to obtaln more Information on the practica~
blllity of the method.

(ne set of tests was made of a stub wing of 6.5-foot
span, 5+5=~foot chord, and a maximum thickness of 0.30 chord,
fltted with large end plates ta increase the effective
aspect ratio and to make the flow more nearly two-
dimencsional. The great thlckness and short span facili-
tat®d the tests because the blower could be instwlled
directly inside the wing and hecause tlie mechanicel work
involved in mwaking changes would be simplified. For the
gsecond set of tewts a conventional wing of aspect ratio
6, l6-foot spen, and thickness of 0.1l5 chord was used,
errangsd above a "fuselage' in whlich the blower was
housed. Thls wing was &lso tested with plain and with
Zap flaps. . ‘

i
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MODELS AND TESTS..

For the flrst serles of tests, the stub_ﬁing and the .
arrangement of the end plates are .shown in figures 1 and 2,
and the alrfoil ordinates are gilven in table I. DBoundary-

layer control on this wing was effected both by sucking C—

the boundary layer into the wing: through spanwlise normel-
opening slots and by dischargling air through spanwlse
backward-ppening slota. (See fig.. 3) Varlous slot loca-
tions, slot sizes, and wing intermal pressures were

trled 1n both cases. The motor-driven blower served for
both types of boundary-lsyer control and inducted or
discharged the elr through the end of the wing.

The conventional wing used for the second series of
tests had a 2.6?-1‘001: chord with the NACA 2L15 airfoill
section (fig. L). This wing was tested only with suction,
and the blower dlscharged the 1nducted alr through the
rear of the fuselage. The wing was fltted with a
0.30-chord full-span hinged trailing-edge flap that couwld
be deflected 15°, 30°, L5°, or 60°. A removeble 0.25-chord
full-span Zep flap . was also. tested, but at only one flap
angle (50° to the chord 1line). Co )

For the stub-wing tests the slrspeed was approximately
Lo miles per hour. For the NACA 215 wing of aspect -
ratio 6, the sirspeed was reduced to about 30 miles per
hour for most of the tests 1n order to attaln large
ratlos of wing pressure to dynamic pressure wlth the
low blower power availsble. A few tests were alsoc made
at an eirmspeed of approximately 60 miles per hour to
determine the effect of boundary-layer control on ths
drag characterlstics, especially in, the range of 1ift
coefficlentas correspanding to ths take-off and climdb
conditions. ' o

s L} b"’du
» ! ) Co 'g'\ A
. SYMBOLS | SRR L e

[

c airfoll chord - .. :
elrfoll span e N - .-

v free-stream velocity

Py free-streaem statlc pressure
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q, free-stream dynamic pressure
Ay total pressure inside wing
) volume rate of flow through slot; positive for
flow entering the slot _
P power input to blower.
Cy, ' l;ftJQOefficient
Cn - “drag coefficient S S
cDi iﬁduc?d dregs coefficlent : _ - —-

: Hy - Py
ch “internal wing pressurs coeflicient .

volumetric coefficlent (——5L—

Ch . -
Q Voeb

G ideali~blower drag coefficient (C (l- C ))
Dy, .. \
(ideal)
. (bDb 1s the drag coefficlent
(1deal)

equivelent to the power requlired (100-percent
blower efficiency sssumed) 1) for
suction slots, to-dlscharge, at free-
stresm total pressure, air withdrswn from.
tlie boundary layer and (2) for ores-
sure slots,td increase thé prsssure of the
incoming air, assumed to enter with the
free-stream total pressure, enough to
discharge ths desired quantity of alr
into the boundary layer at & given total
pressure Hb)

C

Ty blower drag coeffictent; drag coigf‘cient equivalent

t ower Inpul to blo ——
o pow ou o blower I bcv

c total drag coefficlent (c + )
Dep D" "Priyanal)

The . blower drag coefficfent ¢ 15 vsed’ Tor con-
venience in comparing results of several of the- present
tests: -however, the ideal blower drag coefficilent is used
when comperisons with results of other investigations are
mede. )

[ 4
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. RESULTS AND DISCUSSION¥ -
" sStubd wWing

Pressure slots.-|Typica1flift curves for a beckward-

opening pressure slot on the stub _wing are shown in
figure 5 for four values of the wing pressure coefficient
and are compered with the 11ft curve for the wing with-
out boundary-lseyer control. The.low lift-curve slope
resulted from the low effective sspect ratic of the wing.
For an aspect ratio of 6, a.lift coefficient of 3.0 would
occur nesr 30° angle of attack as determined by extrapo- -
lating the curve for CFb = 10.20 (fig. 9):to zero lift

and compubting the angle of attack for the new aspect
ratio. In figure 6 the maximum 1lift ccefficilent is
plotted._against blower drag coafficlent for each sldt. .
Within the range tested the O 00750 siot at O.42c appsars
to require the smellest blower drag coefficient for a
glven maximrum 11ift.

Slngle suction slots. Typinal 11ft curves for the
stub wing with single suctlion slots are shown in figure 7,
and plots.of maximum 1ift coefficlent against blower drag
coefficlent for each slot are shown in. figure 8. The
most interesting features of the ocyrves are.the low pres-
sure coefficlents CF end the low blower drag'coéffI; "

L B o

pressure slots (figs. 5 and 6). Of the slots tested
the most efficlent appear to be thé 0.03%c, 0.045¢c, :
and 0.06c suctign slots at ‘0.5he., . The highest maximmin
11ft coefficlent .(3.2) was obtain?d with a 0.061lc slot

at 0.5Lc. with g blower drag coeffigient of 0.07. Nearly
the same 11ft coefflcients were obtained with a pressure,
slot -at.0.L2c,, but the bhlower drag.coefflclent was aeveral
tires as much. A few tests, for which the date are not
shown, were made with a Q. Q15¢c fornard-opening suction
slot.at O. 5Qc; these.slots were found to require less’ e
blower power than the best pressnre»type slot but more, .
than the best normal-opening suctlon slot.

clents ¢ required in compariaon with those for fthe.
Dy,

MRS

Yultiple slots.- A few smltiple-slot arrangements

were tried with both. methods of ,contrql. "The results far = .

the best of each type are shown.in figure 9. anh.arrange-
ment shown hed two slots, except one that had 2% very.
narrow slots spgced O. Q3¢ apart. Hone of these arranser
ments appears as favorable as the best’ single suotion vy
slot. : - ) ) et -__.__'-'_‘_' R I T :_--: N :
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Comparison of results of stub-wing tests.- In
figures 10 and 11, respectively, the maximum l1ft coef- ¢
ficlent-of the stub wing 1s plotted against idesl-blower
dreg coefficient and volumetric coefficient for the most
efficlent of the arrangements tested. ' In figure 11 the
curvefor the slot at 0.54c shows that the volume of alr
required to obtalin a given 11ft coeffiicient—is independent
of "the slot width., For comparison,results are elso shown
for the 0.15c wing tested with pressure control in
reference 1 and for the 0.40c wing tested with suction
control 1n reference 2. As alresdy indicated, the suctlion
slots are geen to bs several times more efficlent than
the piressure slots, because they require hoth smaller
pressure coefflclents and smaller volumetric coefficlents.
The comparison with the results for the wing of reference 1
18 merely a further example of the fact that boundary-
layer control increases maximum 1lift more easily on a
thick wing than on a thin wing.

NACA 2L15 wWing

Slot taper.- Only the suction type of slot was

tested on the NACA 2L15 wing of 16é-foot span. With a
large .apan and a comparatively thin wing, some Aiffi-
culty in obtaining uniform spanwise distribution of the
quentity of alr .sucked off was snticipated because of
the flow losaes inslide the wing and the increase 1n ths
veloclty of flow from the tip to the center of the wing.
Thls distribution presumably would be uniform if the
product of the slot width end the square root of the
pressure difference across -the slot were uniform. For
thias series of tests, the slot that was used for sll
wing configurations .was tapered from a width of 0.023lc
at the. center to 0.0350c near the tilp - an arrangement
that satiafled the proposed criterion for a high-lift
condiltlon of the plain wing. It should be noted that,
even wilth a tapered slot, the thin wing is handioapped —
becausé an ‘excess saction must be. provided throughout

the span in order to provide the minimum auction required
near ths wing tip. : : - S

Plein wing.- Lift curves for the plein wing are
shown in figure 12 for six slot locations. The blower
speed weas constant for these curves arnd the blowsr input 4
power approximately so. Flgure 13 shows maximum 1lift :
coefflclent for the same slotd plotted ageinst ideal-
blower drag coefficient. The best slot locatlon appears
to lie:between 0.l1llc and 0.20c from the nose; for this
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location, the maximum 1ift coefficlent 2.6 is obtained
with an l1deal-blower drag coeffilcient of approximately 0.3.
The slot effectiveness decreases steadlly as the slot is
moved toward the trailling edge. - ke

Wing with plain flap.- Two slot Llocations were .
tried for the teata of the wing with the plain flap; -~ ~
nemsely, a slot on the main-wing 0.20c.behind ths lesding
edge, and & slot on the flap itself.at 0.73c (or 0.03c
behind the hinge). The. results for & range of flup
deflections are shown in figures 1l and 15. For the
slot at 0.20¢, the meximum 11ft for all the flap arigles
is somewkat greater than for the wing without the flap
and, iIn all cases, the stall occurs at an sngle of
attack abeve 30°. The slope of the 1lift curves, however,
is less than Tor tha plain wing (0° flep setting) prob-
ably hecause of separatlon of the flow on the flsp itself.

The curves for the slot on the flep (fig. 15) show
about the ss=me slope &s for the plain wing; however,
because of Incressed flap effectiveness, these curves for : T
the several flap sngles sre shifted about thres times as '
much as those for ‘the slot at 0.20c (fig. 1). oOnly two
of the flap angles - 30° end [;5° - gave meximum 1ift .
coefflclents greater than that for the best condifion of -
the plain wing with boundary-leyer conitrol (fig. 12),. but
these maximum 11ft coefflclents were obtained at very ..
much lower angles of asttack, a characteristic that 1s of
considerable- Dractical irportance. - - - N
Because . slot locations negr the flep hinge thns '
appear to be effective in maintaining high lift-curve
slope and high flap effectiveness, and those near the
leading edge are more effectlive in holding the flow at
high anglss of attack, twec 5lots, one at the front and . a
one at the rear, sppesar to be deslirable. :

Figure l6. shows maximum 1i1ft coefficlent plotted . _
ageinst ideal-blower drag coefficient for the most ST ETT
efflcient arrasngements of the plain and flapped wing. '

All the flap arrangements appear to bs more efflcisnt
than the plein wing, -and the highest maximum 1ift (2,8l)
was obtained when the slot was located on ths flap just
bekind the hinge. .

Zap flep.- Results for the wing with ths Zap“ﬁlap
(fig. 17) are simller to those for the plain wing. The
slope of tha 11ft curve 1s very little affected by
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boundary-~layer control, and the increase in 1ift with
control 1s obtalned by delaying the stall to higher
angles of attack; for this purpose the slot at 0.20¢
appears most effective. | ’ )

M ure 18 shows maximum 1lift coefficlent plotted
againgt-ideal-blower dreg coefficlent. The Zap flap
with=suction at 0.20c¢c provided the hilghest lift scoef-
ficlent (3.2) obtained with a sinugle suctlon slot in
these tests of the hlgh-aspact-ratio wing. A comblnation
of two slots, gt 0.05¢ and 0.73c, however, yislded a

slightly higher maximum 1lift coefficient but required a con-

siderably larger ideal-blower drag coefflcient through-
out the entire range. A comparison of ths maximum 1ift
coefficlent obtalned wlthout a control slot with the
values obtained with the slot located near the lesding
aedse inficates that a small amount of power is required
to overcome. the adverse effects of the sleots. A con-

perison with the best .of tke other arrangements is shown ..

in flgure 19. :
Drag reductlion for take-off and cllmb.- Some
additional tests of the plaln wing were made with & slot:
at 0.91c 1n order to investigate the possibllity of
achieving a net increase in lift-drag ratioc for the range
of 1ift coefficlents of interest for climb and take-off.
These tests were made at a turmel speed of 80 mlles per
hour. The rear slot location appeared the most loglcal
with respec¢t to sconomy of rlower power, because the
veloclty in the boundary layer 1s lowest in that region
and the pressure .on the wing is highests~ The exhaust
veloclty=at the rear of the fuselage ‘was approrimately
equal-to the tunnel wveloclty for these twats.

The. polars .with and without control are comoared in
figure 20 with the induced-drag polar GD1 for a wing

of aspact ratio 6. The total drag coefficlient Cp 1s

the sum of the measured drag coefficlent- O, and Ldeal-

blower drag coeffioient“"cDb . Because of the

L .. . .P(ideal) .
large reduction in profile drag in the range of 11t
coefficlents corresponding to take-off and climb, a net
increase 1s shown in the lift-drag retio for thia range.
The minimum drag 18 increased sowewhat by boundary-lsyer
contrel. :

T
& =
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SUKKARY OF RESULTS

Results are presented of boundary-layer-control
tests of two wings to determine the increase in 1if%
obtained and the power required for the blower. One
wing, tested with both .pressure and suctlon, had a
6.5=-foot span, a 5.5-foot. chord, end an airfoll secticn
of 0.30-chord maxlmum thickness and was fitted with
large end plates. The other wing, tested with suction’
only, used an NACA 2415 airfoil and had & 16-foot span,
a 2.67-foot chord, and was tested without e flap, with’
e pleln flap, and with a Zap flap. A summary of the
results follows: T

1. For the stub wing of 0.30~chord maximum thick-
ness: .

(a) A 1ift coefficient of about 3.2 was obtained with
g suction slot at 0.5l chord and et & power expenditure
corresponding to a blower drag coefficlent of 0.07.

(b) Nearly the same 1lift coefficient was obtalned
with a pressure slot at 0.2 chord as with the slot at
0.5 chord, but the blower drag coafficient was . several
tlmes as much. _ _

(c) A single large suction slot near the midchord
of the wing was more effective than any multiple-slot
arrangement when the same suction was applied to all
slaots. . .

2. For the NACA 2415 wing:

(a) With the pleln wing or the wing with e Zap flap,
the highest maximum 11ft coefficients were obtained witi
the slot between 0.1l snd 0.20 chord from the leading
edge, with idesl-blower drag coefflcients of about 0.3.
The maximum 1ift coefflclents werse about 2.6 snd 3.2 for
the plain wing and for the wing with the Zap flap,
raspectively. e T

(b) wWith. a plain flap, least power for the highest
meaximum 11ft ohtained was requirdd when the slot was
located on the flep just behind the Kinge, and the
angles of atteck required for maximum 1lift were more
nearly Iin the practlcal range than those requlred by
the plaln wing. o
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(¢) With & plain flap, slot locations near the flap
hinge appear to be effective in maintalning high 11ft- .
curve 8lope and high flap effectlveness, but those near
the leading edge are more effective in holding the flow
at high angles ofwmttack.

(d) ®With the plein wing with a slot at~-0.91 chord an
appreclable increase in the 1lift-drag ratio (where the
drag included the blower drag) ogccurred for the take-off . -
and climb range. .

Langley Memorlal Aeronautical Laboratory
Natlionel.Advisory Comnlittee for Aeronautics
~  Langley Field, Va., July 23, 1945

bl =4
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TABLE I.- ORDINATES FOR 3%0-PERCENT-TIICK WING

X Upper surface Lower surface
(percent chord) (percent chord) (percent chord)
o 10.08 10.08
1.25 : 15.58 6.05
2.5 18.00 ly.50
5.0 21.30 2.70
7.5 ' 2%.75 1.61
10.0 25.70 | .89
15.0 28.10 .29
20.0 29.40 045
. 30.0 20.00 0
Lo.o : . 28.55
50 25.35
60 . 21.15
70 16.50
80 11.28
90 5.70
95 2.79
\
100 o)

WATIONAL ADVISORY
COVWITTEE FOR AERONAUTICS
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" Pigure 1.- Stub wing of 0.30c thickness end blower
for boundary-layer-control tests with pressure-

slot arrangement shown.
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Figure 2.~ Stub wing of 0.30e¢ thickness mouhted in the
Langley propeller-research tunnel.
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Fig. 3

Matal insert

Typiceal normel-opening suction slot

Wooden insert

Typicel backwerd-opening pressure slot

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

Figure 3.- Boundary-layer-control slot configurations.



Figure 4.- NACA 2415 wing model mounted in the Langley propeller-research tunnel.
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Figure 5.~ Lift cheracteristics of the stub \viné of 0.30¢
thickness with 0.0075¢ backward-openling pressure slot
at 0O.42¢c.
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